In the West, lotus (Nelumbo nucifera Gaertn.) is relatively little known. However, for more than 3000 years, lotus plants have been cultivated as a crop in FarEast Asia, where they are used for food, medicine and play a significant role in religious and cultural activities.
History
Although sacred lotus (Nelumbo nucifera Gaertn.) has been grown in the Far East for 5000-7000 years (Wong, 1987) , it is only slowly being appreciated in the Western World. Throughout Asia, virtually every part of the plant is used for food and medicinefruits, rhizomes, leaves, stalks, and floral parts (US-DHEW, 1974; Huang, 1987b; Ni, 1987a) . For thousands of years, lotus seeds and rhizomes have remained prestigious ingredients in Chinese dishes on a banquet table or during family feasts. Traditionally, the seeds have been held in high esteem as being symbolic of fertility (and included especially in dishes served to newly-weds for the supposed 'seed power' of the production of male offspring). In Buddhism, the lotus symbolizes purity, a plant rising from a humble origin in the marshy muck, ascending high above the water untainted (with leaf stalks attaining heights of 200 cm; Ni, 1987a ; see also Table  1 ). With an unsurpassed record of seed longevity of 1300 years (Shen-Miller et al., 1995) , remarkable vitality is yet another outstanding character of lotus. Figure 1 and Table 1 are presented to familiarize readers with this useful, culturally important and notably beautiful plant (Fig. 1A) . In this review, the phenotype and growth characteristics of lotus (see also Schneider and Buchanan, 1980; Williamson and Schneider, 1993) , as well as data bearing on its striking seed longevity, will be discussed.
In the early 1920s, the Japanese botanist Ichiro Ohga was the first to investigate old lotus fruits preserved in a Holocene dry lake at Xipaozi village, in north-east China, near Pulandian, Liaoning Province, where lotus had once been cultivated. With help of local farmers, he collected the lotus fruits and investigated their anatomy, germination and growth (Ohga, 1923 (Ohga, , 1926 (Ohga, , 1927a . In 1951, Chinese botanists came to collect fruits at this site (Chang, 1978) , a collection that included a fruit that was sprouted and directly 14 C-dated to be 1288 years old, (Wester, 1973; Shen-Miller et al., 2002a) . (B) A control modern seedling having brown 'bushy' adventitious roots attached to a dark-brown fruit at the base of its radicle. Newly emerged roots (pinkish) surround the node of the first primary rhizome extending from the radicle base. This seedling has four plumules and two primary rhizome segments (pencil-thin structures). One folded new nodal leaf has emerged from the first node; the second rhizome segment has a yellowish-green apex (lower right), the growing tip of the rhizome system (the 'Sharpie' pen for scale is 5.5 cm long). (C) A green spongy fruit-receptacle, ~10 cm in diameter, having ~20 fertile fruits. (D) Lotus fruit, ~2 cm ×~1 cm in dimension and >1 g in mass, harvested from Kenilworth in 1996 and manually separated from its receptacle. The upper end (top left) exhibits the remnant of a style with an adjacent slightly raised protuberance (dark structure immediately below the style); the lower end of the fruit (lower right) is the basal end that attached to the receptacle, the end that is filed for imbibition during germination. The green pericarp encloses an edible seed; this outer coat dries and hardens to a greyish-brown at maturity. (E) Seedling of a 400-year-old Xipaozi fruit, showing variegation on its no. 6 leaf, a large white wedge (at the right side of the leaf) that encompasses six red veins and red specks. The small plumule (at the upper right) is thick and puckered, and another (lower right) has yellow and white specks. (F) 464-year-old fruit on the second day of germination, having a girth of ~1 cm, showing its split brown pericarp, revealing some creamy cotyledons, and the emergence of a hooked green plumule. (Ding et al., 1987; Ni, 1987a Grey-brown Brown Grey-black Length × width (cm)~1.6 × 1.0~1.6 × 1.2~1.8 × 1.1 Dry weight (g)~0.85~1.46~1.27 the oldest viable fruit now known (see Fig. 9 and Table 1 in Shen-Miller et al., 1995) . The success of this work prompted a team of us, in 1996, to travel to the source to collect more fruits (Shen-Miller et al., 2002a) . Pollen studies have traced the age of this 4-km 2 lotusbearing lake to the late Holocene (Chen et al., 1965) ; lotus cultivation here, by Buddhist monks, began more than 1000 years ago (Shen-Miller et al., 1995) .
Lotus gathering at Xipaozi village
Re-treading Ohga's path of about 80 years earlier, we found the landscape unchanged, but were disappointed to discover that lotus fruits were no longer abundant (Shen-Miller et al., 2002a) . Under Chairman Mao's Great Leap Forward of the late 1950s, the dry lakebed, now farmland, was thoroughly excavated for peat as fuel. The lotusbearing layer above the peat was almost entirely mixed and moved, and, by the time of our visit in 1996, the area was planned for tourism development. This once plentiful source of old lotus fruits is rapidly disappearing. We were, however, able to collect a total of 60 fruits (many of which had been found by farmers as they tilled the land). Each fruit was catalogued, photographed, weighed, pre-tested for viability (by a buoyancy test; see below), and stored at 4°C in a ventilated glass bottle (Shen-Miller et al., 2002a) .
Nelumbo nucifera, Gaertn.
Lotus, a dicot angiosperm, has anatomical resemblance to various monocots, e.g. a thin, lacey membranous endosperm surrounds its embryo axis. Its leaf vascular system is similar to that of maize, having singular veins, but they radiate from a centrally located, pale, spongy tissue, known as the 'nose' and become dichotomized near the rim (Ding et al., 1987) . (The nose is the site of gas exchange between the subtended stalk and underground rhizomes.) Lotus has a non-functioning rudimentary radicle (Fig. 10 in Shen-Miller et al., 1995) , which is replaced by adventitious roots (Huang, 1987a) and is the site of rhizome initiation.
Others have suggested that the two fleshy cotyledons of lotus arose through bifurcation of an originally single cotyledon, and that Nelumbo should, therefore, be classed with the monocotyledons (cf. Lyon, 1901) . Lotus was extant 135 million years ago in aquatic regions of the northern hemisphere (Wong, 1987) and might possibly represent an evolutionary forerunner of the monocots. A recent three-gene (18S rDNA, rbcL, atpB, respectively, one gene of the nucleus and two of plastid) phylogenetic analysis of 567 angiosperms places the lotus family Nelumbonaceae along with early diverging eudicots of the Proteales (Soltis et al., 2000) .
Today in China, lotus grows in a wide range of climatic zones that span a vast region, from longitudes E86°to 133°, and latitudes N18°to 48° ( Huang, 1987a) . The plant thrives in temperate, subtropical, and tropical zones, and can survive temperatures as low as -30°C if its growth bed remains unfrozen (Huang, 1987b) . In the northernmost reaches of China, lotus plants have a long dormancy period of 8 months (Huang, 1987b) in contrast to a dormancy period for plants raised from Xipaozi fruits (var. China Antique) in Los Angeles of only days to weeks (Shen-Miller et al., 2002a) . In Asia and around the Pacific Rim, N. nucifera can be traced from the Arabian Sea to Japan, from northern Russia to northern Australia. In North and South America, the closely related yellow lotus, Nelumbo pentapetala (Walter) Fernald (= N. lutea Planchon), the only other species of this genus, has a range extending from northern Canada to Brazil and is plentiful mainly in eastern regions of the United States (Huang, 1987a) . N. nucifera is abundant in Asia, particularly in China, India, Japan and the Philippines.
The characteristics of three representative lotus stocks, chosen from a total of 125 described Chinese cultivars (Ni, 1987a) selected for their commercial value and chromosomal characteristics (Ding et al., 1987) , are summarized in Table 1 . The traditional wild type, var. China Antique is the lotus variety featured in this review. It is raised widely in China, mainly for its aesthetic properties, and is used also as a 'herbal medicine' by China's so-called barefoot doctors; it has flowers of pale pink, tipped with deep red ( Fig. 1A ; see also Plate 10 in China Wuhan Institute of Botany, 1987 Botany, 1987; Ni, 1987a) .
Fragile seedlings and rapid response
Generally, a newly sprouted lotus seedling will remain healthy as long as it is submerged in water. But lotus plumules at emergence, particularly the first three of four, are extremely sensitive to touch, and if handled, even gently, quickly turn black within hours and then dry and rapidly die (Shen-Miller et al., 2002a) . Plumules are transient juvenile leaves, smaller in size (typically 6-10 cm diameter; Table 3 in ShenMiller et al., 1995) than the later emerged nodal leaves, which, in China Antique, can attain a width about six times larger (Table 1) .
A rapid response to higher than optimal nutrient levels can quickly dry a young leaf and cause it to turn to a wavy greyish-brown along its entire rim (see Fig. 9 in Shen-Miller et al., 2002a) . A substantial decrease in the water level in a lotus pot can quickly cause drying of interveinal tissues in tall standing leaves. (And in one particularly quirky incident, a sandwich of chicken, beef and cheese -dropped by a crow into a potted lotus -quickly caused the lotus leaf surfaces to lose their normal velvety waterrepellent properties and to become thickened and turn red, waxy and shiny. Signs of normality returned shortly after removal of the sandwich remains and the oily water.) The rapid response to insults, and an ability to repair cellular damage, may contribute to the hardiness of lotus seedlings and plants. In Arabidopsis, the fourth largest group of its sequenced genome is related to genes of cell rescue, defence, cell death and ageing (Arabidopsis Genome Initiative, 2000) . With the advent of genomics, this area of lotus study is primed for analysis.
Adventitious roots and rhizomes
One unusual feature of lotus germination is the emergence of shoots prior to roots (see Fig. 10 in Shen-Miller et al., 1995) ; fibrous roots emerge only some 1-3 wk after germination (Table 2 ). In contrast with lotus, roots of most crop plants extend first at germination, before the emergence of shoots. Whether this atypical trait of lotus reflects a difference in hormonal balance between cytokinin and IAA, compared with other embryos, deserves investigation.
Fibrous roots first emerge from the base of a rudimentary radicle, and later extend outward from the developing nodes of rhizomes (Fig. 1B) . They serve as anchors, and they also absorb water and nutrients for lotus growth. Typically, they are bright red at emergence (Fig. 1B) and become black-brown at maturity.
Lotus is a perennial plant. It becomes dormant when day length shortens and temperature decreases; the plant top withers, but its underground stems (rhizomes) remain. Just how long individual rhizomes are able to survive is evidently unknown, but their renewal of lotus stands year after year goes on and on. Xipaozi China Antique plants, sprouted from two old fruits over 50 years ago (given by Ohga's colleagues to the Kenilworth Aquatic Garden, Washington, DC; Wester, 1973; Shen-Miller et al., 2002a) are in good health (Fig. 1A) . Their aerial axes produce leaves, flowers and fruits. (Fruits from these plants have been used as modern controls in the studies of old lotus fruits reported here.)
Cultivar Sesame Lake (Table 1) is bred specifically for its edible rhizomes. The primary rhizome of this cultivar, typically produced during a first growth season, is ~90 cm long, 5-6 cm wide, and has a total of 3-4 internodal segments. Each rhizome apex, Exceptional lotus with extreme seed longevity Table 2 . Early development of offspring of old lotus fruits of China Antique (Nelumbo nucifera, Gaertn.) from Xipaozi, China, and their modern controls from Washington, DC, USA; and tabulation of physical age of viable old fruits and their accumulated soil γ-radiation (Shen-Miller et al., 2002a) . Dai, days after imbibition; dag, days after germination; Gy, gray, 1 Gy = 100 rad; NA, not analysed (the 1997 background radiation in the continental United States was 2-3 mGy yr -1 , US-DOE-BNL, 1999); *cultivated Total accumulated soil γ-radiation (Gy) Ni, 1987a ; see also Table 1) .
Propagation by rhizomes is the fastest and easiest means of reproduction in lotus cultivation. In China, newly propagated rhizome clumps planted in June can yield flowering lotus plants the same season (Ni, 1987b) . Used commonly as food, the lotus rhizomes are said to have numerous medicinal values as well, many similar to those of leaves. Fresh rhizomes are thought to remedy ailments of the heart, spleen and stomach, as well as diarrhoea and bloody vomit. Rhizome powder is used to offset bleeding and lack of appetite; and rhizome nodes and fibrous roots are used as a remedy for nosebleed, as well as blood in urine, mucus and stools (Huang, 1987b) .
Flowering
Lotus is a long-day plant. In Los Angeles with an early warm spring, floral initiation can begin when the day length is ~13 h (Shen-Miller et al., 2002a) , when flower buds at rhizome nodes begin to form. Throughout its geographic range, the season of peak bloom comes in summer. Growth expansion of floral stalks and floral parts, as well as flower opening, appears to be the greatest during the pre-dawn period (Huang, 1987b) . Usually a lotus flower is not selffertile. It opens fully in early morning and closes by midday, and lasts for no longer than 3-4 d. The multiple stigmas of a lotus receptacle (Fig. 1A ) become mature ahead of the 200 or so stamens in the same flower (Table 1; Huang, 1987b) . Temperature within a flower at this time rises and is then maintained for ~2 d at 5-20°C above ambient. This elevated temperature is generated by a cyanideinsensitive form of respiration in the floral organ (Skubatz et al., 1990; Seymour and Schultze-Motel, 1996) and plays a central role in the production and emission of scents that attract pollen-covered small wasps and beetles, to pollinate the awaiting stigmas. Flowers close by midday, and thereby conserve humidity and maintain the internal temperature of 30-34°C optimal for fertilization (Huang, 1987b) .
Flowers of China Antique are large with simple petals, each producing abundant pollen for crosspollination of 13-19 stigmas housed in other floral receptacles (Table 1 and Fig. 1A ). The success rate of fertilization in lotus flowers can be 80% or higher (Ni, 1987a) . A flower of China Antique has ~21 petals that can attain a width of ~26 cm (Table 1) . Flowers are uncommon or absent in most of the rhizomeproducing varieties (Ni, 1987a) .
Offspring of the old fruits collected by our team have yet to bloom, but a plant currently in its third growth season (from a 408-year-old fruit) shows promise. Reproductive organs are normally produced in the second year of growth.
Fruits
The shower-head-like receptacle that houses lotus reproductive organs is yellow during flower opening (Fig. 1A) , green during fruit development (Fig. 1C) , and dark brown at full maturity. Typically, each receptacle of China Antique contains ~20 fruits (Table  1) , but receptacles housing as many as 40 fruits have been reported (Ding et al., 1987) .
A mature lotus fruit consists of a hard, dry, nonedible outer pericarp that encloses a seed (see Figs 1 and 4, in Shen-Miller et al., 1995) . A pollinated stigma of China Antique can, at maturity, yield a large fertile fruit (Fig. 1D ) having a dry mass of ~1 g (Table 1 ). In China Antique, fruits at harvest have a water content of ~14% in their cotyledons, and ~13% in their embryo axes, a content that can be as high as 19% and 22%, respectively, in other cultivars (Zhao, 1987) .
The embryo axis in a lotus seed is situated centrally, cushioned and protected by two large enveloping cotyledons, and clothed by a testa of reddish-brown and light-brown tissue layers ( Fig. 10 in Shen-Miller et al., 1995) . In many crop plants embryo axes are exposed, attached to the cotyledons or endosperm on the outside of the seed. In further contrast to most crops, the embryonic plumules of lotus seeds at maturity are green due to the presence of chlorophyll (Shen-Miller, unpublished) . A Rubisco large-subunit binding protein is also present in the lotus embryo axis (see Heat-resistant proteins, below; Shen-Miller et al., 2000) . Rubisco, per se, is the prime enzyme responsible for CO 2 fixation during photosynthesis. At germination, a rootless lotus sprout may thus have a jump-start on carrying out photosynthesis, and is fed further by a pair of cotyledons heftily stocked with food (see below). The underlying controls of chlorophyll (and Rubisco) production in lotus embryos, and to what extent the pre-germination presence of these compounds contributes to the hardiness of emerging lotus seedlings, are not known.
In a healthy stand of lotus, seed production of 250 kg ha Ϫ1 is considered a good yield (Ni, 1987a ; see also Table 1 ). Lotus seeds are exported from China (60,000-80,000 bushels yr Ϫ1 ; Zhao, 1987) . Besides being used as food, fruit tissues are reported to have numerous medicinal uses, e.g. pericarps to enhance blood circulation; seeds, good for the heart, spleen and kidney and for control of diarrhoea, urinal blood, stomach discomfort and nocturnal seminal emissions; and embryo axes, to aid blood clotting and remedy eye infections (Huang, 1987b) .
Chromosomal features
Lotus has eight pairs of chromosomes (Ding et al., 1987) . Among 20 Chinese lotus cultivars that have been analysed cytologically, China Antique (Table 1) , the wild-type lotus source of the Xipaozi old fruits, has two chromosome pairs that contain distinct satellite domains (made up of repetitive DNA). In metaphase, the domains are situated near the ends of the short arms (Ding et al., 1987) . Unlike China Antique, most of the cultivated varieties of lotus have only one pair of chromosomes that bear such a satellite, and one cultivar has none (Table 1; Ding et al., 1987) . Arabidopsis has two pairs of chromosomes with repeated DNA (Arabidopsis Genome Initiative, 2000) and human chromosomes have five pairs (International Human Genome Consortium, 2001 ).
The precise function(s) of the repetitive or tandem DNA sequences in chromosomal satellites is still poorly understood. However, it is known that in rDNA (ribosomal), tandem repeats facilitate transcription (Flavell, 1986) and that, via their methylation, repetitive DNA may also serve to silence genes (Adams and Burdon, 1985) . Such methylation may, to some extent, reflect the selective pressure to which a biological lineage has been subjected (Langdon et al., 2000) . In tobacco and Petunia, 'de novo' methylation of parts of a repetitive DNA fragment (most likely in response to external cues) was shown to promote the expression of variegation in leaves and petals (ten Lohuis et al., 1995) . Thus, methylationprone satellite DNA (Kovarik et al., 2000) may be the culprit that led to the leaf variegation we found in the offspring of a 400-year-old Xipaozi lotus fruit ( Fig. 1E ; see Incurred damage, below).
Among the 20 cultivars thus studied, only China Antique and Qingmaojie ('Green Hairy-nodes') -regarded as two of the wild-type stocks from which other cultivars originated (Wong, 1987) -have more than one pair of satellite domains (Ding et al., 1987; Ni 1987a) . The relative prevalence of satellites in these wild-type varieties suggests that such occurrence, evidently early evolved, may be useful for survival in unprotected environments.
The approximate combined length of all metaphase chromosomes of China Antique is decidedly shorter than that of the other two cultivated varieties listed in Table 1 (measurement based on data in Ding et al., 1987) . Metaphase chromosome length may or may not be correlated with biological complexity, but specific chromosomal components are. For example, the newly formed company Centagenetix has begun to pursue a study of a sequence on human chromosome 4 shared by many centenarians (Anonymous, 2001) .
Seed maturation and germination

Opportunity for study of a unique fruit
Because of the high sensitivity of the accelerator mass spectrometric technique now used for radiocarbon dating (Davis et al., 1990) , individual viable lotus fruits can be tested for germination, the direct age of their pericarps, and cultivation of their seedlings -a first in plant biology (Shen-Miller et al., 2002a) . Furthermore, because of their large size (~2 cm × 1 cm; Fig. 1D ) and mass (>1 g; Shen-Miller et al., 2002a) , individual fruits (each containing an embryo axis having a dry weight of 25-50 mg) can provide ample tissue for exploration of their biochemistry and molecular biology (Shen-Miller et al., 1999 , 2002b . The significance of lotus seed longevity is not, as it is sometimes viewed by the public, a path to discovery of a 'fountain of youth'. Rather, the importance of their notably long-term viability lies in their ability to resist the ravages of ageing for many hundreds of years, a trait reflecting their capability to repair cellular damage that is little understood in plant biology. Indeed, were the mechanisms of such repair to prove biologically transferable, understanding of lotus seed longevity could provide a means to greatly enhance seed viability in general. We invite those interested to share our lotus collections for this and other avenues of useful research.
In our lab, 200-1300-year-old lotus fruits have an overall germination percentage of 80% (Shen-Miller et al., 2002a) . This high rate of germination, particularly of fruits collected in 1996 (100%), may not be representative of all old fruits at Xipaozi, inasmuch as the fruits studied were pre-selected by use of a buoyancy test (their ability to float or sink in water). In our collection from Xipaozi, 90% of fruits sank and were thereby deemed potentially capable of germination (Shen-Miller et al., 2002a) . Buoyant fruits having low weights are generally non-viable (ShenMiller et al., 1995) , although exceptions were encountered in a few modern controls, offspring of old Xipaozi China Antique from the Kenilworth Aquatic Garden (Shen-Miller et al., 2002a) . The exceptions initially floated, but then sedimented after 3-10 d of soaking; after a soaking period totalling 22-58 d, these seeds sprouted and grew (Shen-Miller et al., 2002a) .
The prolonged period required for germination by these 'atypical' modern fruits raises interesting questions. All were harvested in late fall; they were green in colour (e.g. Fig. 1D ) and the fruits quickly turned a dark greyish-brown. In contrast, the old fruits from Xipaozi (see Fig. 1 in Shen-Miller et al., 1995) were brown in colour when they were collected and had matured in their receptacles before they were deposited and buried in the lakebed sediments. In essence, the old fruits were 'vine ripened', and, perhaps for this reason, their germination time was only 3-4 d as compared to an average of 17 d for the modern controls (Table 2; Table 3 in Shen-Miller et al., 2002a) . The delayed germination of the controls was not due to a slower rate of imbibition; on the contrary, water intake by the controls was faster than that of the old fruits (Shen-Miller et al., 2002a) . In this light, one might ask, what are the cellular processes occurring in these 'stragglers' during the prolonged pre-germination period? Are such processes related to seed maturation? Because all seeds presumably incur damage during storage and concomitant ageing Black, 1982, 1994) , the prolonged period of germination required by these exceptional modern lotus fruits could also represent a period needed for damage repair due to immaturity or dormancy. One might ask, therefore, what damage has occurred and how has it been repaired for germination? To obtain material with which to answer these questions, and to compare results obtained with those from our earlier studies, we have received permission from the US National Park Service to harvest green as well as fully ripened China Antique fruits at the Kenilworth Aquatic Garden in the fall of 2001 and 2002.
Incurred damage
In comparison with modern controls, the old lotus fruits have a high rate of germination, a short sprouting time, rapid initial growth (Table 2 ) and a brief period of plant dormancy (Shen-Miller et al., 2002a) . Despite such apparent resilience, seedlings grown from the old fruits are much less robust than those from recently produced control seeds (Shen-Miller et al., 2002a) . All five offspring from old fruits (having an age range of 200-500 years by 14 C dating) showed abnormalities. One germinated from a 400-year-old fruit (Fig. 1E) and another a 464-year-old fruit (Fig. 1F) survived, respectively, 8 and 5 months of growth. Two other seedlings survived winter dormancy, one of which (from a 192-year-old fruit) subsequently died, whereas the other (from a 408-year-old fruit) is thriving. A fifth offspring, from a 466-year-old fruit germinated in 2001, is (in the spring of 2002) in the process of recovering from its first winter dormancy.
In their leaves and stalks, all five offspring showed phenotypic abnormalities not normally found in the modern controls. For example, one leaf was variegated, having a large whitish wedge that enclosed red veins and reddish specks (Fig. 1E , the seedling of the 400-year-old fruit). Some leaves were puckered, speckled, and thick (cf. Fig. 1E , small plumules at the right) and exhibited down-curved rims (Fig. 10 in Shen-Miller et al., 2002a , the seedling of the 464-year-old fruit). Veins and interveinal tissues of other leaves were an abnormal pink, red or bronze during the peak of summer growth. All offspring had prostrate leaves, even during their second season of growth (ShenMiller et al., 2002a) . After propping them up with bamboo sticks, to prevent rot, plants from the 408-and 466-year-old fruits produced small autumn leaves, several of which were short, stout and standing. The presence of tall standing leaves is a sign of the development of healthy rhizomes (Huang, 1987b) , from the nodes of which stout leaves and flowers arise. In contrast, all modern controls produced standing leaves in their very first season of growth. Standing leaves begin to form after emergence of the sixth to seventh leaf, normally after the extension of the second internode of a primary rhizome (Huang, 1987b) .
In addition to having weak rhizome growth, some of the leaf buds of seedlings grown from the old fruits were bundled and quiescent (noted during the first growth season of the seedling from the 464-yearold fruit, and in the second season in the offspring from the 408-year-old fruit). Presumably, these leaf buds either arose from nodes having very short internodes or were adventitious. Numerous young leaf stalks were brittle and spindly (dried quickly when not in contact with water), and some secondyear late stalks were brittle and dark purple. Still other early leaves had sharply demarcated dry brown regions on their upper and lower surfaces, with brown scabby-textured stalks. During its second season of growth, the offspring of the 408-year-old lotus fruit had leaves that are rubbery and dark purplish-green, in marked contrast to the pliant green leaves of its neighbouring controls (Shen-Miller et al., 2002a) . Dark green leaf colour is a trait typical of plants grown in shaded areas, and in this plant grown from an old lotus fruit, is probably a sign of low photosynthetic activity. Many of the same abnormalities noted in the lotus offspring have also been observed in mutant maize, where the responsible genes have been located and identified (Neuffer et al., 1997; see Shen-Miller et al., 2002a) . In maize, red coloration like that observed in lotus leaves is related to an elevated level of the stress hormone abscisic acid (ABA) (Walbot et al., 1994) .
Soil γ γ-radiation
All soils are radioactive. Earth collected from the lotus-fruit-bearing layers in the Xipaozi lakebed produced background γ-radiation measured at 2 mGy yr -1 (1 Gy = 100 rad; Aitken, 1985 ; Tables 5 and 6 in Shen-Miller et al., 2002a) . Thus, the seedlings grown from Xipaozi fruits had been bombarded by γ-radiation for hundreds of years, during which they accumulated a total dose of 0.1-1.0 Gy (Table 2) . [The two oldest germinated fruits listed in Table 2 , dated some years ago by traditional 14 C methods (ShenMiller et al., 1995) , had to be combusted entirely to determine their ages; hence, no seedlings could be cultivated.] It is striking that the cultivated lotus offspring exhibit abnormal phenotypes that are similar not only to those of mutant maize but also to those of modern seedlings irradiated at a much higher chronic dose (e.g. seedlings of Antirrhinum, apple, Sedum, snapdragon, etc.; Gunckel and Sparrow, 1954 ; see Table 7 in Shen-Miller et al., 2002a) .
Regardless of abnormalities noted in their offspring, the viability of the 1288-year-old lotus fruit has not been affected by accumulated radiation of as much as 3 Gy (Table 2) . Irradiation from the soil surrounding the old lotus fruits may in part, or in whole, be responsible for the numerous abnormalities observed in their offspring. Interestingly, our studies of the growth of plants arising from fruits irradiated for hundreds of years represent the longest radiobiology experiment on record, a type of study that cannot be duplicated in a laboratory. This unique treasure trove of old lotus fruits could be used to uncover information about the effects of low-dose long-term γ-radiation on biological systems. For instance, the total accumulated doses that cause abnormalities to the offspring of old lotus fruits are 2-20 times lower than each single dose given in succession to a cancer patient (Hall, 2000; Shen-Miller et al., 2002a) . Human and plant nuclei, among the largest in all organisms assessed, are evidently the most sensitive to radioactivity (Linsley, 1997) .
A lotus seed at maturity has two large cotyledons that enclose an embryo axis, the shoot apex of which consists of three visible green plumules and a blunt radicle cylinder (Fig. 10 in Shen-Miller et al., 1995) . Once sedimented into the lakebed strata, every part of an old seed would have experienced long-term exposure to surrounding ionizing radiation. Yet, abnormalities noted in the offspring appear not only in the directly irradiated tissues (e.g. plumules), but also in later stages of growth -abnormal nodal leaves and weak rhizomes (Shen-Miller et al., 2002a) . It has been suggested that radiation-induced genomic instability in mammalian cells can accumulate over generations of cell replication (Little, 1998) . Some abnormalities present in the offspring of the old fruits may be a result of a similar accumulation effect (e.g. radiation absorbed by an embryonic radicle may have led to weakness in subsequent rhizome development of the resultant seedling). Consequently, one might ask, what genetic changes have taken place in cells and organelles of these centuries-old lotus fruits that have caused their offspring to be phenotypically abnormal and to lack vigour?
Why do lotus fruits exhibit such remarkable longevity?
Pericarp
The pericarp, the hard outer fruit tissue, is the first line of defence in protecting lotus fruits from the ravages of ageing over hundreds of years of burial. This intact strong outer carapace is impervious to water and air, and perhaps resistant to bacterial and fungal penetration. (Exudates from lotus pericarp appear to deter growth of certain fungi; Shen-Miller, unpublished.) What are the physical characteristics and chemical composition of lotus fruit coats that provide such unusual protection for their enclosed seeds?
A lotus fruit coat is composed of multiple layers of various resilient cell types that together provide notable structural strength (Esau, 1965) . In old lotus fruits, the outermost opaque epidermal layer has been weathered away (Ohga, 1926) , giving the fruit a shiny, pitted appearance (compare Figs 1 and 4 in Shen-Miller et al., 1995) . Cross-sections of the pericarp include a prominent layer of elongated and extremely narrow cells known as the palisades (Ohga, 1926) . These 'centrally zipped' palisades appear to play a role in inhibiting water penetration. In a glancing cut, numerous cells in this layer remain unstained (ShenMiller et al., 1997 (ShenMiller et al., , 2000 , absorbing none of the various aqueous dyes and suggesting that the unstained cell surfaces are impervious to water. Such imperviousness is demonstrated by other examples as well. Fruits collected at Xipaozi, after being soaked in water for a period of 20 months, were incapable of germination, a condition rectified only by maceration of their pericarp (Chang, 1978) . Ohga (1927b) , in a germination test of the old Xipaozi fruits, found that maceration in concentrated sulphuric acid for a period of 24 hours was required before water could penetrate. The tightly woven cell layers of the pericarp are also barriers to gases. The maintenance of an anoxic interior is evidenced by the reported preservation of highly polyunsaturated fatty acids in a viable 466-year-old Xipaozi fruit, as well as in two undated but viable old fruits and in modern control fruits from the Kenilworth Aquatic Garden (Priestley and Posthumus, 1982) . In our lab after 18 months of storage, three fruits from the Kenilworth Aquatic Garden retained 99.7% of their original dry weights. Although the pericarp is one important factor contributing to lotus seed longevity, lotus seeds in which the pericarps have been removed, but which have an intact testa, show viability as long as ~4 years (Shen-Miller et al., 2002a) .
Seeds
China Antique seeds contain c. 1.8% oil, nearly half of which (c. 48%) is 16:0 saturated palmitic acid (Zhao, 1987) . In such seeds, oleic acid (18:1, cis-9), linoleic acid (18:2, cis,cis-9, Ϫ12), and mustard oil (= rapeseed oil, erucic acid, 22:1, cis-13; J.A. Browse, private communication) are the three major polyunsaturated fatty acids, present in amounts totalling up to 46% (Zhao, 1987) . The length and degree of unsaturation of fatty acids present in tissues have a profound effect on maintenance of cell membrane fluidity and integrity (Stryer, 1981) in germinating seeds and seedlings, as shown by the necessity of polyunsaturated lipids for the survival of Arabidopsis under stress (Miquel et al., 1993) . Erucic acid is uncommon in plants and, like many such unusual fatty acids, may be effective as an antifungal and/or antibacterial agent (Buchanan et al., 2000) .
The large cotyledons of lotus fruits comprise about two-thirds of their total dry weight. About 65% of the cotyledons of China Antique is composed of carbohydrates, of which 46% is starch, and 19% various sugars (Zhao, 1987) . The heat capacity of cellular sugars (e.g. sucrose, raffinose and stachyose) markedly decreases after they become dry and vitrified (achieving a so-called glassy state), a condition under which they can become important as factors that may stabilize and protect other cellular components (Leopold et al., 1994) . Thus, one might ask, what types of sugars comprise lotus cotyledons and embryo axes, and how might they enhance seed longevity and viability?
Heat-resistant proteins
Remarkably, Ohga (1927b) , in a 1500-fruit study of China Antique from the Xipaozi lakebed, observed 50% germination after incubation of intact fruits in water for 2 h at 90°C (a study in which he reported that temperature equilibration within the embryo axis was reached in 10 min). He further observed 60% germination in old Xipaozi fruits subjected to water at 80°C for ~4 d. In marked contrast, similar germination rates were observed in short-lived barley (having a half-life longevity of ~7 years; Priestley, 1986) , but only at much lower temperatures of 40°C (Mudgett et al., 1997) .
Given the exceptional tolerance of lotus fruits to heat, it is not surprising that proteins in lotus embryo axes and cotyledons also show heat-hardiness (ShenMiller et al., 1999 (ShenMiller et al., , 2000 . There are about a dozen lotus proteins that remain soluble after heating to 110°C. Two proteins that remain quantitatively unchanged were identified as an Escherichia coli GroES-type small chaperonin (cpn10), and a stress protein, dehydrin (Close et al., 1993) . In lotus, the large chaperonin (cpn60 = Rubisco large-subunit binding protein in plants = GroEL in E. coli; Viitanen et al., 1995) remains soluble and stable through 50°C. These hardy proteins are present in higher amounts in lotus embryo axes than in cotyledons.
Under environmental stress, stress proteins protect other cellular proteins in their proper folding configurations (Nover, 1991) . Among these, dehydrin proteins are commonly present at elevated concentrations in plants subjected to conditions of freezing or drought (Close et al., 1993; Ingram and Bartels, 1996) . GroEL and GroES are ubiquitous among pro-and eukaryotic organisms. Together, the two mediate the assembly, folding and transport of nascent proteins and, perhaps also, disarranged protein molecules (Ellis, 1992; Viitanen et al., 1995; Thirumalai and Lorimer, 2001) .
Chaperonins and stress proteins may serve an important role in maintaining other proteins in a functional state. It is reasonable to assume that in a hardy seed, such as that of the lotus, these 'service proteins' must themselves be hardy in order to perform their role of 'rescuing' other proteins. Thus, the ability of lotus seeds to maintain viability at temperatures that are unusually high for biological systems is presumably a function attributable to, among other factors, the presence of heat-hardy proteins.
SDS-PAGE gels of lotus embryo or cotyledon proteins display roughly two dozen visible bands (by Coomassie stain, ranging from >78 kDa to <12 kDa in relative mass), at least half of which remain soluble to an appreciable extent up to 110°C (Shen-Miller et al., 1999 . Except for the proteins mentioned earlier, the identities, functions and characteristics of the remaining heat-hardy lotus proteins are at present unknown. The most abundant and heat-soluble protein in a lotus embryo axis is a c. 55 kDa species (Shen-Miller et al., 2000) . A search of the Genbank (2001) shows that the N-terminal portion of the 55 kDa protein is similar only to that of a 66 kDa 7S globulin seed-storage protein of oil palm, Elaeis guineensis (Magnoliophyta; Shen-Miller et al., 2002b) . Its internal sequences share homology (FASTA search, 1997) not only with E. guineensis but also with other proteins having different functions in other plants (Shen-Miller et al., 2000) , such as a precursor of the 7S seed-globulin canavalin of sword bean, the allergen Ara hI of peanut, the sucrose-binding protein of soybean, the DNA repeated sequence of a prokaryotic food pathogen (Campylobacter jejuni), and others. The lotus 55 kDa protein appears to be a chimera. This raises further questions: do lotus proteins have unique sequences that correlate with hardiness, and do the lotus proteins that are soluble at elevated temperatures remain functionally active? A possible answer discussed below (see, Protein-repair enzyme) is IAMT, a protein of a 544-year-old lotus embryo axis that retains full activity at 50°C (Shen-Miller, et al., 2002b) .
Protein-repair enzyme
It is common for amino acids in ageing proteins to spontaneously transform from the normal Lconfiguration to the stereoisomer, the D-state. The presence of D-amino acids renders proteins nonfunctional, and under normal conditions they occur relatively rarely, as in structural proteins. A proteinrepair enzyme, L-isoaspartyl methyltransferase (IAMT), present in almost all organisms from bacteria to humans, is able to restore protein D-amino acids to their original functional L-configuration (Clarke, 1992) . Organisms that lack IAMT (e.g. mutants of mice, Caenorhabditis elegans, E. coli) all show low survivability at various stages of development (Kagen et al., 1997; Kim et al., 1997 Kim et al., , 1999 Visick et al., 1998) . Lotus seeds, both those from Xipaozi as well as controls from Kenilworth, contain IAMT. Remarkably, both the old and modern seeds contain essentially the same amount of this repair enzyme, with embryo axes in both having higher amounts than cotyledons (Table  5 in Shen-Miller et al., 1995) . In comparison with other seeds whose life spans are much shorter than that of lotus, the measured activity of IAMT in those of lotus (prepared from the dry seed of a 467-year-old fruit) is essentially the same (Shen-Miller et al., 2002b) . Instead of exhibiting decreased activity during germination, as in most crops tested, the IAMT activity of lotus cotyledons persists during germination (Mudgett and Clarke, 1993; Shen-Miller et al., 1995; Mudgett et al., 1997; Thapar et al., 2001) . Thus, it could be that either lotus seed proteins suffer relatively little amino acid racemization of this type, or that the lotus IAMT is especially efficient in protein repair. Indeed, in an analysis of the D-and L-amino acids present in old and modern lotus seeds, at least 98% of the aspartyl residues, comprising the second most abundant amino acid occurring in such seeds (Zhao, 1987) , remained in the normal L-configuration (Shen-Miller et al., 1995) . Differing from other crops, lotus IAMT (from a 544-year-old seed) is able to retain full activity at 50°C (Shen-Miller et al., 2002b) .
One might ask, therefore, what are the unique sequences in the control region of the lotus IAMT gene that govern its expression during germination of the lotus seeds, as compared to those of shorter-lived crops (e.g. wheat; Mudgett and Clarke, 1993) (Thapar and Clarke, 2000; Thapar et al., 2001 )?
Clearly, it would be useful to isolate and sequence the lotus IAMT gene.
Concluding statement
Among all plants, lotus (Nelumbo nucifera) has a proven record of exceptional seed longevity. Its utility in food and medicine, and its pleasing aesthetic contribution to gardens, landscapes, and festive occasions, crown its stature in the plant world. The remarkable longevity of its seeds, coupled with the abnormalities observed in offspring of old fruits having long-term low-dose γ-radiation for hundreds of years, represent the longest natural radiation biology experiment now known for a living system.
Unique traits of lotus seed viability, that distinguish them from those of other far more typical plants, are ripe for exploration; studies that may well contribute to understanding of ageing repair and longevity in other living systems. Given all this, one might finally ask, 'Is this not the time to probe and ultimately use the beneficial traits of lotus seed genome (N = 8), with its proven potential for multicentenarian vitality?' After all, as David Baltimore (2001) impressed on us during the unveiling of the human genome: 'We need to see more genomes, with each one giving us a deeper insight into our own.'
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Description
In the past twenty years there has been a revolution in plant sciences, as new methods of molecular biology and biophysics have been applied to investigate environmental stress, particularly desiccation tolerance. Today, there is a good level of understanding of how plant cells cope with extreme water stress.
This book is divided into four sections, dealing with 1) the technical background to desiccation tolerance studies; 2) the frequency and levels of dehydration stress tolerance in biological systems; 3) mechanisms of damage and tolerance, and 4) a brief prospect and retrospect. It covers orthodox and recalcitrant seeds, pollen and spores, vegetative parts, and other plant tissues.
